The complex symbiotic relationship between wood-feeding termites and microorganisms inhabiting their intestinal tracts is a fascinating phenomenon in nature. To understand the physiological functions of symbiotic microorganisms, bacteria were isolated from the gut homogenate of Reticulitermes chinensis with different media and culture conditions. Under aerobic conditions, 105 bacterial strains were isolated with 1/5 LB medium, 1/3 TSB medium and a modified basal mineral medium, MM-4. Most dominant isolates were bacteria in the genera Bacillus (27.6%) and Lactococcus (21.9%). Under anaerobic conditions, 60 bacterial strains were isolated with 1/5 LB medium, 1/3 TSB medium and a modified Peptone-Yeast medium. The predominant isolates were bacteria in the genus Enterobacter (41.7%) and Citrobacter (33.3%). Many of these bacterial isolates shared high sequence similarity (>98%) in 16S rRNA genes to bacterial clones obtained from the same termite and the other wood-feeding termites or cockroaches. Several bacterial species such as Deinococcus and Gryllotalpicola were isolated from termite gut for the first time. Characterization of these isolates showed that (i) most of Enterobacteriaceae and Lactococcus strains were able to hydrolyze uric acid; and (ii) many of the Bacillus and Streptomyces strains presented endo-β-1,4-glucanase activity. The preliminary results of this work gave us hints of possible functions of symbiotic bacteria in nitrogen recycling and cellulose degradation in the gut of wood-feeding termites. Keywords: nutrient dependent isolation, intestinal symbionts, wood-feeding termite, physiological function 
Introduction
ood-feeding termites can efficiently decompose lignocellulosic materials and play important roles in the carbon cycle in various ecosystems. The ability of cellulose degradation relies on the symbiotic association between wood-feeding termites and their intestinal symbionts [1] . The gut microbiota of wood-feeding lower termites comprises eukaryotes (protists), as well as prokaryotes (bacteria and archaea). Although evidences have showed that eukaryotes play important roles of cellulose degradation in lower termites [2, 3] , the physiological functions of most prokaryotic symbionts are still not clear. Microscopic observation and molecular investigation showed that microbiota was extremely diversified in the gut of wood-feeding lower termites [4] . Cultureindependent investigations revealed that the dominant bacteria in the gut of wood-feeding lower termites such as Reticulitermes speratus and Reticulitermes san-W tonensis were strict anaerobes like Spirochaetes, Elusimicrobia, Firmicutes and Bacteroides [5] [6] [7] . However, most of these bacteria have not been successfully cultivated and their physiological properties remained unclear. Under anaerobic conditions, nitrogen-fixing Enterobacter agglomerans was isolated from Coptotermes formosanus [8] . In addition, Streptococcus, Bacteroides, Enterococcus, and Enterobacter have been isolated from R. flavipes [9, 10] . More elegant experiments with specifically designed media led to the pure cultures of methanogens and spirochetes from the gut of R. flavipes and Zootermopsis angusticollis [11] [12] [13] [14] . An attempt to isolate cellulolytic bacteria from the gut of Z. angusticollis showed that some Cellulomonas, Bacillus and Paenibacillus species can degrade carboxymethylcellulose [15] . Despite all these efforts, compared with the huge diversity of prokaryotic symbionts in the gut of lower termites revealed by culture-independent methods, the amount of cultivated prokaryotic symbionts was still very small. More strategies including the use of low-nutrient media and nutrient-dependent media were needed for the cultivation of hitherto uncultured microbes [16, 17] . In this study, we tried to use a nutrient dependent isolation approach to cultivate so far uncultured bacterial symbionts from the gut of a wood-feeding lower termite, Reticulitermes chinensis (Snyder) (Isoptera: Rhinotermitidae). The preliminary characterization of the newly isolated bacterial strains gives us hints of possible physiological functions of symbiotic bacteria in the gut of wood-feeding lower termites.
Materials and Methods

Collection of Termites
A colony of R. chinensis was collected in Shizi Mountain, Wuhan, China. Termite species was identified by the analysis of morphological characteristics and mitochondrial cytochrome oxidase subunit II genes [18] . The colony was maintained in the laboratory in polyethylene containers on a diet of pine wood and water. Only worker termites were used in the experiments.
Culture Media and Isolation of Bacteria
Bacteria were isolated from gut homogenates of 10 worker larvae under aerobic conditions with three media, a fivefold diluted LB medium (1/5 LB, g/L: Tryptone, 2; Yeast extract, 1; NaCl, 2), a threefold diluted tryptic soy broth (1/3 TSB, 10 g/L TSB, Bacto; Becton Dickinson), and a modified basal mineral medium, MM-4 [19] . [20] and a seven-vitamin solution [21] were filtered through a 0.22 μm membrane (Millipore, MA, USA) and added to each medium as supplements. Gut dissection and homogenate preparation were conducted according to the method reported previously [19] . For the isolation of aerobic bacteria the homogenates were serially diluted (1:10) and inoculated to three different agar plates (triplicate series) and incubated at 30°C for 10 to 14 days. For the isolation of anaerobic bacteria, all media and utensils were degassed and charged with N 2 for several times to remove oxygen before use. Termites were dissected and the gut homogenates were prepared in a glove box under the atmosphere of N 2 (2-5% H 2 ). The diluted homogenates were first inoculated in liquid media at 30°C for 10 to 20 days to enrich cultures and then transferred into different agar plates (triplicate series) and incubated at 30°C in the glove box. Morphologically distinct bacterial colonies were collected from each agar plate and purified after three times of subculture.
Characterization of Bacterial Isolates
Bacterial isolates were identified based on 16S rRNA genes with universal primers 27F [22] and 1492R [23] .
Polymerase chain reaction (30 cycles) was carried out as described previously [7] . PCR products were digested with restriction enzymes Msp I and Hae III for aerobic cultivation and with Msp I and Afa I for anaerobic cultivation to sort the isolates according to RFLP profiles. 16S rRNA genes of isolates with different RFLP patterns were sequenced and edited using Lasergene Seqman (DNASTAR, UK) and checked for chimeras using the Pintail chimera check program [24] . The capability of uric acid nitrogen utilization of anaerobic and facultative anaerobic isolates was determined with the method modified from Potricus and Breznak (1980) [25] . Briefly, bacterial cells were inocu-lated in the anaerobic chamber on BHIU plates comprised double-layer agar (1.5%) of brain-heart infusion (3.7%, Difco), 1.0% and 0.1% of UA, respectively, in both the top and the bottom layers. The inoculated plates were incubated at 30°C for 5-15 days.
The colonies surrounded by a clear zone in the otherwise opaque medium were counted as uricolytic bacteria.
The capability of cellulose degradation of aerobic isolates was determined by screening the activity of endo-β-1, 4-glucanase (EG) on Congo red agar plates with the CMCNa (Carboxymethylcellulose sodium salt) as substrate [26] . Bacterial isolates with the activity of endo-β-1, 4-glucanase were detected based on the clear hydrolysis zones on the agar plates.
Phylogenetic Analysis
Sequences obtained were compared with the published sequences in GenBank using Blast from NCBI (http: //www.ncbi.nlm.nih.gov/BLAST). Fasta files of trimmed sequences were input into RDP online alignment tool [27] and aligned according to secondary structure of 16S rRNA genes. Phylogenetic trees were constructed with MEGA5 package [28] based on the alignments of 1350-bp sequences using maximum likelihood method with Jukes-Cantor model. Bootstrap analysis with 1000 replicates was performed to determine the statistical significance of the branching order.
Results
Bacterial Isolates Obtained from Aerobic and Anaerobic Cultivation
Under aerobic conditions, a total of 105 bacterial strains were isolated from three media and were identified as 24 different bacterial species based on the characteristics of morphology and 16S rRNA genes as showed in Table 1 . Most of these isolates belonged to three bacterial phyla, Firmicutes (59.0%), Proteobacteria (28.6%) and Actinobacteria (7.6%). Within Firmicutes, all bacterial isolates were affiliated with four genera, Bacillus, Lactococcus, Paenibacillus and Staphylococcus with the proportions of 27.6%, 21.9%, 7.6% and 1.9%, respectively. Most of the Proteobacteria isolates were affiliated with the family Enterobacteriaceae in γ-Proteobacteria subgroup, among them Enterobacter (12 strains) and Dyella (11 strains) were the dominant ones. The other bacterial isolates were affiliated with the phyla Deinococcus-The rmus, Verrucomicrobia and Bacteroidetes. Interestingly, one of the bacterial strains (strain TM1) shared 16S rRNA gene sequence similarity less than 94% with those of all the other cultivated bacterial strains, which has been characterized to be a new species in the genus Deinococcus [19] . Five of the bacterial isolates (strains TSB94, TSB14, TSB56, TSB47 and LB17) shared similarity less than 98% in their 16S rRNA genes with all the other cultivated bacterial strains (Table 1) . Under anaerobic conditions, 60 bacterial strains were isolated from the gut of R. chinensis with 1/3 TSB, 1/5 LB and a modified PY medium as showed in Table 2 . The strains were identified as 7 distinct bacterial species based on the morphological properties and 16S rRNA genes. All these bacterial isolates belonged to 6 genera in two bacterial phyla, Proteobacteria (88.3%) and Firmicutes (11.7%). Among these isolates, bacteria affiliated with Enterobacter and Citrobacter in the family Enterobacteriaceae were most abundant ones with the proportions of 41.7% and 33.3% in all isolated strains, respectively. *: Strains isolated from 1/5 LB were designated as LB; Strains isolated from 1/3 TSB were designated as TSB; Strains isolated from modified Peptone-Yeast medium were designated as PY.
-: 16S rRNA gene sequences of the strains were the same as the other strains and were not submitted.
Phylogenetic Affiliation of Bacterial Isolates
Phylogenetic analysis showed that all the isolated bacterial strains in the phylum Firmicutes were affiliated with four genera (Lactococcus, Bacillus, Paenibacillus and Staphylococcus) (Figure 1 ). Further analysis showed that many of the isolated strains shared high similarity in 16S rRNA genes to those of the uncultured bacterial clones obtained from the same termite or the other termites and wood-feeding cockroaches.
For example, Lactococcus strain TSB11 (JX291542) shared 99% sequence similarity in 16S rRNA genes with those of the Lactococcus clone Rc598 (JQ617828) retrieved from the same termite, R. chinensis. Strain TSB94 (JQ864364) shared sequence identity higher than 99% in 16S rRNA genes with those of the Lactococcus clone Rs-B70 retrieved from R. speratus [6] , whereas Strain TSB55 (JQ864363) shared 99% sequence similarity with an uncultured bacterial clone CR_ 51 retrieved from a wood-feeding cockroach (Figure 1) .
Phylogenetic analysis showed that many bacterial isolates were affiliated with several subgroups of Proteobacteria especially Gammaproteobacteria ( Figure  2 ). An Enterobacter strain TSB7 (JX291546) shared sequence similarity higher than 98% in 16S rRNA genes with those of the bacterial isolate RsN-1 [29] and clone Rs-M74 [6] retrieved from R. speratus. The Citrobacter strain TSB4 was closely related to a Citrobacter strain isolated from R. speratus [30] whereas the Phylogenetic tree of Proteobacteria isolates constructed with the maximum likelihood method of Mega 5 based on the 16S rRNA gene sequences. Bacterial isolates obtained from this study were showed in bold. Aquifex pyrophilus was used as an outgroup. Bootstrap values (1000 replicates) higher than 75% were shown. Bar represents 5% sequence divergence.
Trabulsiella strain LB10 was closely related to T. odontotermitis isolated from the fungus-cultivating termite, Odontotermes formosanus [31] . These bacterial isolates were grouped with their close relatives and formed the γ-Proteobacteria cluster in the phylogenetic tree (Figure 2 ). In addition, the 16S rRNA genes of strain TSB14 (JQ864385) were similar to those of Burkholderia clone Rc582 (JQ617842) retrieved from the same termite (R. chinensis) with sequence divergence less than 1%. All these Burkholderia strains including strain TM6 formed the β-Proteobacteria cluster.
Characterization of Major Groups of Cultivable Bacteria
Clear zone-forming experiment for anaerobic and facultative anaerobic bacterial isolates revealed that many of these strains especially those belonging to the family Enterobacteriaceae and Streptococcaceae can hydrolyze uric acid as showed in Table 3 . The uricolytic active bacterial strains showed clear hydrolysis zones on the BHIU plates after the inoculation and incubation for 5-15 days. The capability of the use of uric acid indicated that these bacteria might involve in nitrogen recycling in the intestine of R. chinensis.
The screen of cellulose degradation capability of aerobic strains with CMCNa Congo Red plates showed that most of the Bacillus isolates (TSB100) and part of the Streptomyces strains (TSB67) have endo-β-1,4-glucanase activities, indicating that these bacteria might involve in cellulose degradation in the gut 
Discussion
Cultivation Strategies and the Diversity of Cultivable Bacteria
It was reported that less than 1% microorganisms are cultivable in natural environments [32] . Although microbiologists have made great efforts to cultivate bacteria from the gut of various termites since decades, so far most of the key bacterial symbionts have not been successfully isolated [1] . Obviously more diverse bacterial species were isolated in this study compared with previous researches. Bacteria affiliated with fourteen genera in six families were isolated under aerobic conditions (Table 1) , whereas bacteria in only seven genera of three families were obtained from R. speratus [30] . Except strict aerobes like Bacillus and Paenibacillus, many facultative anaerobes like Lactococcus, Enterobacter, Chryseobacterium, etc. were isolated under aerobic conditions from R. chinensis. Meanwhile, Lactococcus and bacteria affiliated with several genera in the family Enterobacteriaceae were successfully isolated under anaerobic conditions, as the results of previous researches on the other wood-feeding termites [9, 10] . In addition to these, bacteria in several genera, e.g. Deinococcus and Gryllotalpicola were first reported to be isolated from termite guts and were characterized as new bacterial species [19, 33] . Previously Streptomytes were isolated only from higher termites like Macrotermes, Amitermes and Microcerotermes [34, 35] . In this study, seven Streptomytes strains (strains TSB31, TSB67 and TM10) were first isolated from R. chinensis, a lower termite. The higher diversity of cultivable bacteria indicated that the strategies used in current study are efficient for the cultivation of hitherto uncultivated bacteria from termite gut. Compared with anaerobic cultivation, more bacterial species were isolated under aerobic conditions. Although bacteria in several genera like Lactococcus, Staphylococcus and Enterobacter were isolated from both aerobic and anaerobic conditions, the phylotypes of those isolates in the same genus were different.
Under aerobic conditions, bacteria affiliated with ten genera were isolated from 1/3 TSB medium, whereas bacteria affiliated with five genera were obtained from 1/5 LB medium and MM-4 medium, respectively (Table 1) . Most of the bacteria isolated from 1/5 LB medium (e.g. Trabulsiella, Chryseobacterium) and MM-4 medium (e.g. Spingomonadaceae, Burkholderia and Deinococcus) were phylogenetically different from those obtained from 1/3 TSB medium, indicating that the type of cultivable bacteria were nutrient-dependent. Compared with 1/3 TSB medium and 1/5 LB medium, MM-4 medium was less nutrient abundant, from which a new bacterial strain (strain TM1) that shared 16S rRNA gene sequence similarity less than 94% to all the other bacterial isolates was isolated, indicating that the use of oligotrophic medium was efficient to get new bacterial species. The results obtained from this study confirmed that the use of lownutrient and oligotrophic media was an efficient strategy to get higher diversity of cultivable bacteria and possibly more new bacterial species [16, 36] .
Phylogeny of the Cultivable Bacteria
Although many bacteria were isolated from various termite guts [37] , very few studies showed the phylogenetic relationships between cultivated bacteria and bacterial clones obtained from the 16S rRNA gene clone libraries established from various termites. In general, previous work showed that the dominant bacterial groups revealed by culture-dependent and culture-independent approaches were quite different. Interestingly, many bacterial isolates obtained from current study shared high similarity (> 98%) in their 16S rRNA genes to the bacterial clones retrieved also from the same termite host or the other wood-feeding lower termites and cockroaches. The bacterial pure cultures form the basis for further studies of physiological functions of bacteria in the complex microbes-termites symbiotic system.
Physiological Functions of Cultivable Bacteria
Wood-feeding termites live on cellulolytic materials that are typically lack of nitrogen sources in their diet, therefore nitrogen fixation and recycling is very important for their nutrition [38, 39] . Unlike Enterobacter isolates obtained from C. formosanus [8] and Mastotermes darwiniensis [40] , our study showed that all Enterobacter isolates and other Enterobacteriaceae isolates did not have nitrogen fixation activities (data not shown). Interestingly, most of the Enterobacteriaceae isolates, e.g. Enterobacter, Trabulsiella and Citrobacter strains, can utilize uric acid nitrogen (Table 3 ). An earlier study on R. speratus and Coptotermes formosanus also showed that Enterobacter strains isolated from lower termites can hydrolyze uric acid nitrogen [30] . However, no uricolytic Trabulsiella and Citrobacter strains were isolated from those termites. Compared with the previous study, relatively higher diverse uricolytic bacteria were isolated from R. chinensis.
Lactococcus strains were often isolated from termite gut homogenates. The 16S rRNA genes of Lactococcus were also frequently detected from termite clone libraries [37, 38] , indicating that these bacteria play important roles in the gut of termites. Previous studies showed that Lactococcus may ferment sugars to lactate when oxygen was limited in termite guts [9, 10, 41] . This study showed that in addition to sugar fermentation, most of the Lactococcus strains can utilize uric acid in vitro (Table 3) , as Lactococcus strain CD31 isolated from Cryptotermes domesticus [30] . The results indicated that Lactococcus might also involve in nitrogen metabolism by the recycling of uric acid nitrogen in termite guts.
Unlike the use of selected media with specific substrates, different bacterial isolates in the same lineage obtained from this study presented functional divergence. All Bacillus strains isolated from Z. angusticollis with the media containing wood or filter paper showed endo-β-1, 4-glucanase activity, either strong or weak [15] . Most of the Bacillus isolates in this study (represented by strain TSB100) showed high endo-β-1, 4-glucanase activity. However, some other Bacillus isolates such as LB18 did not present endo-β-1, 4-glucanase activity. The same is true for Streptomytes isolates, among which only strain TSB67 presented endoglucanase activities. Streptomytes strains isolated from higher termites had been proved to have lignin peroxidase activity and can degrade lignin [34, 35] . Whether the Streptomytes strains obtained from R. chinensis can degrade lignin or not, requires further analysis.
Conclusion
In conclusion, the application of nutrient dependent isolation approaches is an efficient strategy to isolate bacteria from the gut of R. chinensis under both aerobic and anaerobic conditions. A higher diversity of bacteria and more new bacterial species were isolated compared with previous studies. Many bacterial isolates were phylogenetically closely related to bacterial clones obtained from the same termite or other termites, which is significant for the further research of the symbiotic relationship between bacteria and termites. Biochemical and physiological studies showed that in addition to uric acid nitrogen recycling, symbiotic bacteria may also involve in lignocellulose degradation in the gut of wood-feeding termites, such as R. chinensis.
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